We theoretically analyzed the photon quantum statistics properties of the output field from an optomechanical system driven by different pulsed lasers. Our results show that the probability of generating a single-photon state at the photon blockade region is greatly dependent on properties such as the shape, area, central frequency, length, and amplitude of the driving pulse. These results will give guidance to the design of the potential optimal optical pulse for generating a high-performance single-photon source.
INTRODUCTION
A single photon is among the most indispensable elements for quantum optics, quantum cryptography, communications, and computing [1] [2] [3] [4] . One way to generate a single-photon source is to attenuate the coherent laser beams. Although the probability of obtaining the multiphoton state is reduced, the probability of obtaining the vacuum state is also increased as a result of the process, which leads to no photon being in the light source for most of the time. For an ideal singlephoton source, both the vacuum state and the multiphoton state should be suppressed. Recent progress in the fabrication, manipulation, and characterization of individual nano-objects has opened new routes in the production of single-photon states [5, 6] . One promising mechanism for single-photon generation is the photon blockade effect, which has been both proposed and demonstrated in the cavity quantum electrodynamics (CQED) system [7] [8] [9] [10] [11] [12] [13] . The excitation of the strong coupling CQED system by a single photon prevents subsequent photons from entering the cavity, which alters the quantum photon statistics of a light beam from random fluctuation to more orderly photon stream due to the optical nonlinearity. This strong nonlinearity at the single-photon level in the CQED system results from the strong dipole coupling between the cavity field and the two-level atom, which clearly exhibits the Jaynes-Cummings (J-C) ladder in the dressed state picture [10, 14] .
Recently, the photon-phonon interaction in the optomechanical system (OMS) due to the radiation pressure coupling between the mechanical motion and the photon has attracted a lot of attention [15] [16] [17] . It has been investigated for mechanical cooling [18] [19] [20] , optomechanically induced transparency [21, 22] , and quantum sensing [23] [24] [25] . Meanwhile, researchers have been trying to push the OMS from weak optomechanical coupling to the strong coupling region at the single-photon level [18, 26] . Recent theoretical study of the quantum photon statistics property and photon blockade effect in OMS has shown that the nonlinearity in OMS at the single-photon level could be used to generate a single-photon state at the strong optomechanical coupling region [27] . By using a two-mode OMS, the nonlinearity could be enhanced [28] . However, for single-photon resource application, the source must be operated in a pulsed region. This raises the prospect for possible modulation of the single-photon state at a single pulse region. This problem has still not been studied, although researchers have used different optical pulses for cooling and the entanglement generation in OMS [29] [30] [31] .
In this work, we studied nonclassical photon-state generation by pulsed-laser-driven OMS via the photon blockade effect in the strong optomechanical coupling region. We analyzed the different parameters for the pulse to generate a single-photon state in OMS. This article is organized as follows. In Section 2, the setup and the model Hamiltonian are introduced. In Section 3, we analyze the quantum photon statistics property of the output field from OMS driven by a Gaussian pulse. In Section 4, we compare the other two configurations of the pulse shape. Finally, the experimental results and the conclusion are given in Section 5.
PHOTON BLOCKADE IN OPTOMECHANICAL SYSTEM
We considered the setup as schematically shown in Fig. 1 . A cavity with an oscillating mirror at one end is coherently driven by a weak pulsed-laser field, which leads to modulation of the optical cavity mode by motion of the mechanical oscillator. In a frame rotating with the laser frequency ω l , under the rotating wave approximation, the Hamiltonian of this system can be written as
where ab is the bosonic annihilation operator of the singlemode cavity (mechanical) mode with resonant frequency ω c (ω m ), G is the single-photon optomechanical coupling efficiency, and Et is the strength of the driving laser. To describe the loss of the system, two dissipation channels are usually taken into consideration, the optical cavity field decay characterized by photon decay rates κ and the mechanical damping with rate γ.
In CQED systems, the strong coupling between the atom and photons leads to the famous J-C ladder. Meanwhile, in OMS, due to the radiation pressure force, the resonator equilibrium is shifted with a quantity proportional to the photon number n c for the photon number state jn c i. This leads to a decrease of the state energy of the photon state jn c i by n 2 c × Δ g , where Δ g g 2 0 ∕ω m [27] . As a result, this modulation to the energy of the photon number state leads to a different resonance requirement for the first and multiple photons excited in the cavity. The energy displacement gives rise to nonlinear optical phenomena at the single-photon level in OMS. One of these is the photon blockade effect, where strong optomechanical interaction prevents multiple photons from entering the cavity at the same time. For example, in OMS driven by a coherent laser, if a single photon is coupled to the excited state j1i with energy ω c − Δ g , the coupling of another photon with energy ω c − Δ g will not make the transition to the photon state j2i, which actually requires energy ω c − 3Δ g . As a result, the probability of coupling the second photon into the OMS is greatly reduced due to the strong optomechanical coupling.
This nonlinearity in the OMS system could be used to generate a single-photon source. As depicted in Fig. 1 , the input light is coupled into the cavity and collected at the output port. To generate a practical single-photon source, the output is required to be deterministic. The optomechanical interaction is required to be controlled in the time domain. For this reason, one needs to drive the OMS with a controllable light pulse with certain parameters.
To study the photon statistics property of the output field, we adopted the quantum trajectory method (QTM) to obtain the photon distribution. In the quantum Monte Carlo simulation according to QTM, the Schrodinger equation is written as
where H eff t is given by
in which D i and d i indicate the collapse operator and dissipation rate of the dissipation channel of the system, and Ht is the Hamiltonian of the system without consideration of the loss. Compared to the mechanical dissipation, the cavity decay is dominant if the OMS is put in a cryostat environment to reduce the mechanical decoherence caused by the thermal surroundings. For simplicity, we only take the cavity decay into consideration, and the output field is monitored to yield information about the cavity decay.
OMS DRIVEN BY COHERENT GAUSSIAN PULSE
Generally, the input laser pulse could be of any specific shape. We first studied the OMS driven by coherent Gaussian pulses, with controllable pulse parameters such as duration, amplitude, and central frequency. In our simulation, Et in Eq. (1) is given by the form Et E 0 pt, where E 0 is the amplitude and pt is the time dependence of the pulse, which is given as
where t 0 is the pulse center and τ is the pulse length. Each laser pulse was coupled into the cavity, and the histogram of the collected photons was made to analyze the photon distribution of the output field. Generally, the output field is not an ideal single-photon source, and it could be expanded in the Fock state basis, which can be written as
where α n is the probability for the photon state jni. The normalized value jpnj 2 jα n j 2 ∕ P i jα i j 2 could be estimated from the number of detected photons at the output when running a large number of trajectories. We can make histogram of how many photons we detect and perform a statistical measurement on the trajectories. For example, jpnj 2 could be estimated from the relative number of trajectories for which n counts were detected at the output. In this case, if the desired output state is nearly a single-photon state, we should change the parameters of system to optimize the jp1j 2 to its maximum.
Firstly, we analyze the OMS with mechanical mode ω m 2π × 10 MHz, optomechanical coupling G 0.6ω m , and cavity decay κ 0.025ω m driven by a Gaussian pulsed laser with amplitude E κ and pulse length 0.4∕κ. In Fig. 2 , the probabilities of the zero-photon, single-photon, and multiplephoton states versus the central frequency of the driving pulse are presented with detection after a number of quantum trajectories. The maximum probability of the single-photon state generated from the recorded output field is 0.55 at the frequency −0.36ω m . This corresponds well to the theoretical predicted result −Δ g −G 2 ∕ω m , which meets the condition in which κ is smaller than ω m and G for an OMS weakly driven by a continuous coherent laser. As a result, we set the central frequency of the coherent driving laser to ω 0 − Δ g , and analyzed the photon distribution of the output field under different amplitudes of the driving pulse. As shown in Fig. 3(a) , the probability of the singlephoton state in the output field, having a maximum value 0.765, shows an oscillation with respect to the intensity of the driving field with an approximate period of 4κ. This feature is similar to the result in the Gaussian-pulse-driven CQED system [32] . The blocking of the second photon into the cavity is greatly dependent on the existence of the first photon in OMS.
For comparison, we analyzed an OMS in a weaker coupling region with mechanical mode ω m 2π × 10 MHz, optomechanical coupling G 0.1ω m , and cavity decay κ 0.025ω m under the same driven condition. As presented in Fig. 3(b) , there is no such oscillation. The probability of single-photon state reaches its maximum value 0.35, which is lower than the value in the strong coupling region, and quickly decreases as the intensity of the driving pulse increases, while the coefficient of the multiphoton state increases to 1. It is easy to understand that in this weaker coupling region the input laser pulse goes through the cavity decay channel without adequate optomechanical interaction. For OMS with ω m 2π × 10 MHz, G 0.1ω m , and κ 0.025ω m , when we fixed the driving amplitude to 2κ and changed the pulsewidth, there was also an oscillation in the probability for a single-photon state, as shown in Fig. 3(c) . The maximum probability of a single-photon state is now 0.78 at a driving amplitude of 0.412∕κ.
Another statistical property to characterize the light field is second-order correlation. For an ideal single-photon source, the zero-time delay second-order correlation g 2 0 is 0, which means that the possibility of coexistence of two photons emitting at the same time from the output is zero. Given the probability α n of photon state jni, one can easily obtain the zero-time delay second-order correlation, which could be written as
For the strong coupling case discussed above, g 2 0 is presented in Fig. 4(a) . g 2 0 is almost zero when the driving amplitude is small. At the strong coupling region for continuous coherent driving OMS, the theoretical minimum value for g 2 0 is where η g 0 ∕ω m . As we can see, when OMS is driven by the pulsed laser, the minimum value of g 2 0 is almost zero. As a comparison, the minimum value of g 2 0 is 0.009 when OMS is driven by continuous coherent laser. As shown in Fig. 4 , there is an oscillation in the slope of the zero-time delay second-order function for the strong coupling case [ Fig. 4(a) ], while no oscillation appears in the weak coupling case [ Fig. 4(b) ].
OMS DRIVEN BY RECTANGULAR AND SINE PULSES
For comparison, we further analyzed the OMS driven by sine and rectangular pulses. For both pulses, the OMS has the same parameters as the stronger coupling case mentioned above. For the sine pulse, we set the period to 2π p × 0.8∕κ, which leads to the same pulse area and the same maximum value with the Gaussian pulse under the same driving amplitude. The output photon distribution as a function of the intensity of the driving laser pulse is presented in Fig. 5(a) . From the quantum statistics of the output field, we could clearly see an oscillation in the probabilities for different photon states with the increase of the strength of the driving pulse. The probability for generating a single-photon state reaches its peak value of 0.78 at the driving amplitude of 2.1κ. In comparison to the results shown in Fig. 3(a) , the chances of preventing multiphoton states are almost the same. Besides, the oscillatory period for the amplitude here is almost 4κ, which is also the same as the Gaussian laser pulse. For the rectangular pulse as depicted in Fig. 5(b) , we set the pulsewidth to 2π p × 0.4∕κ, which also has the same pulse area and the same maximum value with the Gaussian pulse under the same driving amplitude. The photon distribution as a function of driving strength is presented in Fig. 5(b) . It shows that the probabilities of obtaining different photon states are almost the same. This indicates that under the same driving amplitude for a laser pulse with the same pulse area, the chances for coupling of photons in the OMS are the same.
CONCLUSION
Strong single-photon optomechanical coupling has been demonstrated in a cold atoms system in which the collective motion of atoms plays the mechanical role [33, 34] . However, it still has not been achieved in a solid-state system. Equipped with cryostat facilities at ultralow temperature to reduce the mechanical decoherence rate, fast developments in nanofabrication and structure design are expected to lead the OMS to the strong coupling region. In the OMS that we studied at the strong coupling region, the frequency of the mechanical mode is 2π × 10 MHz, the cavity decay rate is 2π × 0.25 MHz, and the pulse length is at the scale of several microseconds. Compared with the optimal Gaussian pulse length in the CQED system, which is usually around nanoseconds, it is more controllable to design the possible optimal optical pulse in the OMS system, which is an advantage of the single-photon source in the CQED system. In summary, we have theoretically analyzed the photon statistics property of the output field from OMS driven by pulsed lasers of different temporal profiles. The probability of generating a single-photon state at the photon blockade region is greatly dependent on properties such as shape, central frequency, length, and the amplitude of the driving pulse. It will give us guidance to design the potential optimal optical pulse for generating a single-photon source, which is a very important quantity for quantum key distribution, quantum repeaters, and photonic quantum information processing and quantum simulation [2, 4, 35, 36] .
